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Abstract  
Recent emphasis concerning CO 2  re moval technologies has increased the demand  for rigorous simulation tools for process design 
and optimization. Although there are several advanced processing tools available commercially  today , most of them lack the 
flexibility for implementing new solvent  systems  and real insight in to the theoretical basis of the simulators . In this work, the 
recent advances in the development of a new CO 2  process simulation tool  are given . This simulation tool includes new concepts 
for  represent ing  complex processes by hi erarchical decomposition  that allows having full control of the solution strategy. The 
process simulator capabilities are shown with some examples illustrating the simple and effect ive use of this prototype CO 2 
simulator.  
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1.  Introduction  
Recent emphasis concerning CO 2 removal technologies has increased the dem and  for rigorous simulati on tools for 
process design and optimization. The simulati on tool should be capable of testing not only new process tech nologies 
by using a convenient method of implementing consistent sub -models, but also flexible enough for allow ing 
evaluation of different process configurations  and ease of building complex flowsheets . Although there are several 
advanced processing tools available commercially  today , all  of them lack flexibility for implement ation of new 
solvent systems  for post c ombustion CO2 capture . They behave as black -box models that do not disclose in detail 
the underlying models used. Therefore, they are limited to general simulations of systems with known solvents and 
perform poorly for  general research purposes , for exampl e for investigation of novel CO 2 solvent systems where 
experimental data must be included as basis in the sub -models.  
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Firstly, the simulation tool should  in principle incorpora te any type of chemical system in an eas y manner 
in terms of implementation of models for physical properties and thermodynamics,  flow model implementation  
within the columns  and finally flexible spreadsheet building. For doing this, full access to the underlying theoretical 
basis  to which the simulator is based on and access to all models used in the simulator including any given 
assumptions  is required .   
Sec ondly, unit operations including absorbers and desorbers tend to give rise to numerical solutions that 
exhibit narrow regions of very fast variation. This is a consequence of the  fast reactions that commonly occur as 
well as large heat transfer numbers , thus, requiring  procedures that ensure proper and physical stream guesses into 
the different units.    
 Motivated by the mentioned limitations of the current commercial simulators, a new network solution 
strategy has been implemented in the process simulator CO2SIM. The rate based columns as well as all unit 
operations are  based on an existing CO 2 absorption process simulator developed in FORTRAN 90 (Tobiesen, F.A. 
2006).  An improved version is developed in an object -oriented framework as described in Dorao et al. 20 07 . In this 
framework each unit  such as columns, heat exchanger s, etc., is represented by an object. Objects can interact thus 
represent ing a flowsheet.  
The main contribu tion in this work is an improved network solver that makes a convenient and fast 
approach to perform simulations of complex flowsheets that are needed for investigating CO 2 absorption pr ocesses. 
The improved network solver , when running in a so called succ essive mode, does not require tear streams in recycle 
loops. By choosing a sequential mode of operation , tear streams can be given.  Furthermore, an automatic solution 
strategy is developed for efficient building of spreadsheets that does not require signif icant user knowledge, 
including under -relaxation procedures and usage of results from previous simulated cases for solving numerically 
stiff systems. A simulation backup system is also developed that uses simulation results from previous simulations. 
Th e se can be used again to start a  new simulation even if the previous simulation diverges.  The user also has the 
option of solving the network sequentially, which in certain cases can help when developing new flowsheets.  
2.  Object Oriented Simulation  
  A process plant can be described by a flowsheet which is an abstract, graph -oriented scheme. Each node of the 
diagram can represent a single process step normally referred to as a  unit operation. A unit operation in chemical 
industry can be a pump, an absorber colum n, a heat exchanger or a complete production unit. Each unit operation  
represents a transformation of t he incoming streams into new output streams . The unit operations are connected by 
oriented edges representing the ideal flow of material, energy and info rmat ion among the units.  In a simplif ied view, 
a flowsheet  problem consists in solving a large system of nonlinear equations. For doing this, two  different 
approaches are norma lly used which are referred to as  equatio n- and sequential -approaches.  In the eq uation -based 
approach all the units are described by its mathematical equations, which are then entered into an equation solver 
and solved simultaneously. In the sequential -  or modular -based approach the mathematical equations that describe 
the physical pr ocess are encapsulated into modules which the user links together. Therefore, the process simulator 
can be described as set of interacting entities each one representing a unit operation.  
 
A major challenge in developing a process simulator is how to gene rate the overall system from distributed systems 
which can be solved rapidly, robustly, and reliably. In this sense, t he application of object orientation techniques has  
greatly improved the computing efficacy and the degree of code re -usability and extens ibility. Based on simple 
object orientation concepts, we have defined a flexible architecture which can handle the complexity of large 
industrial processes while it is possible to maintain full control and access to different level s of the process simulato r 
needed in a research oriented environment.  
 
3.  Ma in simulator consideration s  
In this simulator, the separation processes are modelled  entirely through phase equilibrium - and kinetic relations as 
well as overall mass -  and energy balances. The reliance on t hermodynamic concepts allows the mass - and e nergy 
balances to be obtained without knowledge of the capacity and geometry of the units (except for the column 
models). Hence, size and cost  estimation of the units can be calcul ated as a post -processing step.  
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As a consequence of the various amine formulations and vastly different operating conditions encountered in the 
processes  of interest , detailed experimental trials are very often not feasible with respect to the different 
applications. Therefore, a  re lia ble tool for simulating flow sheet behaviour  is important in understanding these 
processes. Novel processes might not even include amines but may be other types of absorbents such as amino acids 
and carbonates. In addition, there is a great need for a gener al process simulator that can, in principle, incorporate 
novel absorbent systems as well as simplify the testing of new process configurations.  
 
The key factor for this initiative is therefore to be able to connect the simulatio n model with the complexity of CO 2 
separation using absorption when using different absorbents. For example, MEA (monoethanolamine) is used as the 
base amine for an optimization study for post combustion capture from natural gas. Key characteristics for MEA 
will be a fast absorption reaction with high absorption enthalpy and strong carbamate formation. In the desorber it 
will be favourable  to increase pressure which will maximize the reboiler and stripper temperature as long as thermal 
amine degradation and equipment corrosion does no t deteriorate the process. This is due to the favourable  
te mperature swing when stripping CO 2 from MEA due to the high desorption enthalpy of carbamate.  
An optimum case is therefore to have increased pressure in the stripper as well as other effects such as split flow 
configurati ons (Reddy et al. 2003) . Another example is to use an absorbent with low absorption enthalpy, such as a 
type of carbonate etc., in such a case it could be favourable  to use as low pressure in the stripper, to favour  the effect 
of t he pressure swing. In such a case one might not gain anything by applying configurations such as split flows etc.  
It is therefore essential that the simulator can make quick and major configurational changes by testing different 
spreadsheet configurations  as well as the ability for easy implementation of different amine systems.  
  
4.  The CO2SIM approach  
The simulat or is being d eveloped based on a flexible, modular, model building approach for allowing an 
evolutionary process simulator  tool. The primary go al in this project is  to provide a flexible and extensible 
simulation framework for solving a wide range of chemical processes related to CO 2 removal technologies. Due to 
the complex relationships among the units in a chemical plant, an Information Plant Mode l (IPM) is defined which 
cons ists in a hierarchical physical -functional decomposition of the process ( Dorao, C.A. 2001 ). In this manner the 
simulation problem is broken down  into modular components, and this operation  can be repeated until reaching an 
adeq uate level of representation.  
 
The ov erall simulator concepts are shown in figure ( 1) and figure ( 2). The process simulator is based on a three -
layer architecture. The outer layer contains the topology of the process, i.e. the connected flow sheet. Each of  the 
units (e.g. such as reactors, heat exchanger, etc.) belongs to the process unit layer. Finally, the specific properties of 
the system such as fluid properties, thermodynamics, etc., are contained in the process property layer.  
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Figure 1. The CO2SIM  three layer architecture.  
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Figure 2. The CO2SIM architecture.  
 
To describe a complex process, for instance  a chemical plant with several different unit operations, the IPM is 
defined in terms of a connectivity map  which contains a list of units , the streams  in the process, and the inputs - to -
the -unit  and outputs -from -the -unit  information. Figure ( 3) shows an example of a process and its connectivity map. 
A process can be present at different levels of granularity. Each level is represented by a connectiv ity map which 
defines the input and output of the pseudo -units, as shown in figure ( 3).  
 
U00
P1
P2
U01
P3
P4 P5
SUB -NETWORK
UNIT  IN OUT
U00 P1 P2, P4
U01 P4 P3, P5
SUB-NETWORK IN OUT
P1 P2, P3, P5C
on
ne
ct
iv
ity
 
 
Figure 3. The CO2SIM connectivity approach.  
 
5.  Dealing with complexity in the iterative solution process  
A common bottleneck in a process simulator is the iterative  approach in order to find the solution the problem.  The 
strong non -linearity and stiffness of the problem normally ends up in serious convergence issues. In most situations , 
the convergence problem is a consequence of inadequate initial guesses and strong  oscillations of the solution during 
the first iterations. In order to mitigate these issues, in CO2SIM a new approach was developed. The approach 
consists in obtai ning full control of the iteration procedure at the local and global level of the problem.   
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The global iteration procedure can be controlled by switching  between two different iterative procedures called the 
sequential and the successive approach.  In t he sequential approach , a particular unit is solved where  the solved 
outputs of the unit propag ate to the next connected unit and so on in a sequence until the network is solved . The 
solution sequence is given by the connectivity map which defines the process topology. The successive approach 
consists in solving all the unit based on the given input  information, and then propagate the in formation to the entire 
system, figure (4).  
 
The local iteration procedure can be controlled by adjusting convergence criteria depending on the status at  t he 
global level. In this manner, during the first iterations t he units are solved with a limited accuracy which is 
increasing along with the global number of iterations.  For the column units an under -relaxation algorithm has been 
developed in a similar manner that ensures controlled relaxation independent of the numb er of columns or process 
configurati ons.   
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Figure 4: An example of successive and sequential iteration  
6.  Using the CO2SIM methodology for solving a complex flowsheet   
Figure 4 shows  a schematic flowsheet representation of a complex CO2 removal plant cons isting of an absorber 
with several intercooled sections , with several  heat exchangers as well as a split flow scheme that pipes rich amine 
back to the lower section of the absorber to lower the net amount piped to the stripper. The flowsheet contains 
numer ous circulating loops within the units.  
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Figure 4: An example of a complex flowsheet for CO2 Post combustion capture  
 
In a relatively easy manner this flowsheet can be built by connecting units together and solving the networ k either 
successive or sequential ly.  If the successive solution strategy is chosen, the input gas stream can be added to all the 
other gas/vapour streams as a first guess. Similarly, a liquid stream defined from the control block (unit U08) that 
specifies  the circulation rate and amine concentration can be chosen as guesses for all other streams. When  the 
solver is initiated, under -relaxation can be chosen in a way specified by the user which by -passes the stiff columns 
and solves to seek better guesses fo r each network iteration.  For each new iteration, the information gained from the 
previous iteration in all objects is saved in a network class object. In this manner, the solution can be re -used, in case 
of an abrupt stop, for example if a fatal error occ urs. The previous data can then be re -used, even if the computer 
shuts down, and re -started with new specified under -relaxation, a simulator backup system.  This is very helpfu l 
when building new flowsheets. In a similar way, i f the program diverges  it is p ossible to restart the system again .  
 
In table 2 it is shown the summary data for the simulations using both simulation modes.  The same starting point has 
been used with  regards to initial guesses  and a total of 25 iterations have  been put on the network solver . For the 
successive mode initial streams are required for all inputs to the units, whereas for the sequential, only initial 
streams are required for the recycle loops. The two convergence plots for the different modes are shown in figures 4 
and 5.    
All the columns have relaxation the first 3  cycles;  however the successive mode required the first 1 cycle to have a 
by -pass option of the mass and energy transfer in the columns, to prevent them from failing the first cycle.  
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Figure 4: The sequentia l mode of solution for the flowsheet  
Figure 5: The successive  mode of solution for the flowsheet  
 
 Sequential  Successive  
relative tolerance on network  1.00E -05  1.00E -03  
relative tole rance on all un its  1.00E -08  1.00E -08  
iterations  25  25  
normal ized CPU  time  1 1.2  
require d "by- pass" on columns  no  yes  
Table 2: Summary of network solver  
 
It is shown that for complex spreadsheets, it is favourable to use the sequential mode, since fewer calculations of the 
units are required as well as faster rate of conve rgence.  From a purely physical point of view it also shows that each 
sequential unit follows in chronological order for stability. It is therefore recommended to use this feature once the 
flowsheet has been built and is stable. The successive mode can conv eniently be used for building flowsheets when 
streams are initially guessed.   
 
Discussion  
 
Network stability of first order conver gence rate vs. intermediate higher order recycle solvers  
During the sequential mode of operation, so called “recycle blocks ”  a re not used  as commonly seen in commercial 
simulators. Usually t he recycle bloc ks contain a second  order minimization routine for intermediate convergence 
around the blocks contained in a recycle loop. This would require an outer optimization routine for f inding the tear 
streams and routines for finding the solution sequence. Instead the “recycle blocks” in CO2SIM only provide a 
guess for the unit and the connection with the previous stream. In the current work it is found that choosing between 
the two mode s of solution, the successive or sequential, large networks can be built without the need for 
intermediate faster convergence of recycle loops. It is also found that this method , with controlled under -relaxation 
in  any  chosen unit,  provides a more stable p ath towards convergence.  
 
Code architecture  
Since one of the most important issues regarding simulator development is the ease of implementing new solvent 
systems  and thus expanding the number of sub -models and data handling , it is essential that the arch itectural code 
design is maintained even though  the code expands in size and complexity.  
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On the code architectural level not including expansion of new solvent systems in the simulator, t he research team is 
currently working on including an outer  numerical shell for running optimization problems. Part of the future work 
will include testing such routines while maximizing network stability and keeping convergence rates at an 
acceptable level.  
7.  Conclusions  
In this work, the main aspect of the new pr ocess simulator intended for CO2 absorption systems was discussed. The 
inherent complexity of any industrial process was easily handling by introducing a hierarchical decomposition. This 
decomposition can be described by a topology network based on a conne ctivity map. In particular, this approach 
allows us to have full control of the solution strategy.  
W ith the increasing interest in CO 2 removal technologies, development of new simulation tools is  strongly 
emphasized for testing not only new process techno logies but also being flexible enough for allowing the evaluation 
of different process configurations.  
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